ABSTRACT. Recent works suggest that the surface chemistry, in particular, the presence of oxygen vacancies can affect the polarization in a ferroelectric material. This should, in turn, influence the domain ordering driven by the need to screen the depolarizing field. Here we show using density functional theory that the presence of oxygen vacancies at the surface of BaTiO 3 (001) preferentially stabilizes an inward pointing, P -, polarization. Mirror electron microscopy measurements of the domain ordering confirm the theoretical results.
I -Introduction
A fundamental property of ferroelectric (FE) materials is their electrically switchable spontaneous polarization below the Curie temperature, which has driven promising applications of such materials as nonvolatile memory storage devices [1] . However, the direction of the polarization in FE thin films is not only the result of a simple control through external electric field, since it usually results from the minimization of the electrostatic energy (driven by an equilibrium between short and long-range forces) in the whole sample [1] . Moreover, it has been recently shown [3] that the chemical environment has strong interaction with the polarization orientation of perovskite ferroelectric oxides: on the one hand, the polarization orientation can influence surface chemical reactions (the adsorption of various molecules depends on the polarization direction), and on the other hand, the chemical composition of the atmosphere (the oxygen chemical potential for instance) might induce preferential orientation of the polarization [4] . It has been suggested that oxygen vacancies play a role in the stabilization of negative polarization, i.e. polarization pointing inwards [5] . Recent work has also investigated the coupling between ferroelectricity and adsorbed water on BaTiO 3 (001) surfaces [13, 14] .
Oxygen vacancies are common point defects in perovskite ferroelectric oxides. They are considered to be directly related with the instability of ferroelectric polarization, resulting in ferroelectric fatigue, and might be associated to various charge compensation mechanisms. However, the exact role played by such defects in the ferroelectric switching process, and the effect of their surface chemistry on This letter is devoted to BaTiO 3 (001) (BTO(001)) single crystal surfaces with different spontaneous polarization orientations. We apply both a theoretical approach based on density-functional calculations and an experimental approach using mirror electron microscopy with a low energy electron microscope.
We provide insight into the link between polarization orientation and surface chemistry.
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In the following, c + (resp. c -) are domains with polarization pointing outwards (resp. inwards) and denoted P + (resp. P -), while "a" domains have their polarization lying in-plane.
II -Density-Functional calculations
Simulating ferroelectric surfaces with uniform polarization perpendicular to the surface raises technical problems related to the fact that in such configuration, a strong depolarizing electric field generated by the surface charges usually suppresses the ferroelectricity. Despite this fact, ferroelectric thin films often exhibit such configurations. However, in such cases, alternating domains with "up" and "down" dipole moments are usually observed [17] . Rather than making the FE disappear (or lie parallel to the surface), the formation of such alternating domains is the way the system finds to minimize its electrostatic energy. If a domain with "up" polarization (for example) can exist, it means that the corresponding depolarizing field (acting inside the domain) is exactly compensated by another "external" macroscopic electric field. This external field is the one provided (mainly) by adjacent domains, which both have "down" polarization. Let us point out that this is an "external" field from the point of view of the domain, although it is produced by the system itself and not by an external operator.
A ferroelectric domain with polarization perpendicular to the surface can thus, in principle, be simulated by reproducing this external field [18] , just as in reality.
We perform density-functional calculations using the SIESTA code [15, 16] . We use the Local Density Approximation (LDA) and Troullier-Martins pseudopotentials. A basis of numerical atomic orbitals is used, extended up to triple dzeta in the case of Ti 3d and 4s, and O 2p. Simulation of the oxygen vacancy is achieved by placing a ghost atom at the defect site. The fineness of the real space grid is determined by a cut-off of 400 Rydberg and the range of atomic orbitals by an energy shift of 0.001
Rydberg.
We construct 9-layer (001)-oriented slabs with BaO termination on both sides, and apply an external electric field E ext along the [001] direction, i.e. perpendicular to the surface. This external field is associated to a sawtooth electrostatic potential having its discontinuity in the middle of the vacuum. A 4 large vacuum of more than 20 Å separates the periodically repeated slabs. First, perfect surfaces have been calculated, using a 1x1 surface unit cell (the Brillouin zone is sampled by a 6x6x1 mesh). Then the surface unit cell is doubled in the two in-plane directions (the Brillouin zone of the supercell is accordingly sampled by a 3x3x1 mesh), and an oxygen vacancy is placed on the bottom surface plane (the final system contains 87 atoms). If E ext > 0 (resp. < 0), the system will be denoted by "P -" (resp. "P + ") and the bottom surface of the slab has a negative (positive) fixed polarization charge. The geometry of the system is optimized using a conjugate-gradient algorithm until the maximal Cartesian component of atomic forces is smaller than 0.04 eV/Å. Two lateral lattice constants have been tested:
the LDA lattice constant of cubic BTO (3.940 Å) and another one closer to the experimental value (3.995 Å).
The calculations performed on the perfect surface allow us to find the value of the external field that produces a polarization roughly equal to the spontaneous polarization of BTO: we find ~ 1. Large blue, medium green and small red balls are respectively Ba, Ti and O atoms. The red arrows highlight the 2x2 surface unit cell." Fig. 2 presents the difference of energy between P -and P + as a function of applied external electric field, for the two lateral lattice constants studied. In both cases, and for any external field, the quantity E(P -) -E(P + ) is found negative, showing that P -is more stable than P + under similar conditions of external electric field. Note that this energy includes the coupling between the polarization and the field. 
III -Experiments
So far, most studies on the ferroelectric domains are done by scanning probe based techniques, such as piezoresponse force microscopy (PFM) [6, 7] and electrostatic force microscopy (EFM) [8] . Mirror electron microscopy (MEM), i.e. operating a Low energy electron microscope (LEEM) in "mirror" mode, is sensitive to the electrostatic potential just above the sample surface [9] which is in turn related to the fixed polarization charge at the domain surface. Although the electrostatic potential above the surface is ill-defined, (for example in a perfect ferroelectric slab, the magnitude of the potential depends on the slab thickness), MEM can be used for weak interaction imaging providing that the domain width is much greater than the domain wall width, as is usually the case. Furthermore, it avoids artifacts introduced by tip-surface interactions inherent to scanning probe microscopy [10] . Of course, in the case of complete screening of the polarization charge there should be no observable difference in the electrostatic potential above c + , c -and in-plane domains but if the system energy is minimized through domain ordering then MEM should be a sensitive probe of the latter. energy. It has already been shown that domain surfaces with a positive fixed polarization charge show a MEM-LEEM transition at lower energy than those with a negative fixed polarization charge [12] . The sample was then cycled by moderate annealing through Curie temperature (120°C) into the paraelectric (PE) phase up to 250°C and then cooled back the FE phase at room temperature. The FE-PE-FE cycle was followed by MEM, and the electron reflectivity as a function of kinetic energy with respect to the sample potential, was measured at the beginning and at the end of the FE-PE-FE cycle. The transition energy was extracted by a pixel by pixel fit to the electron reflectivity across the field of view giving a map of the electrostatic potential just above the sample surface. transitions which can be related to the three possible polarizations: the out of plane c + and c -and the inplane a-type distortions (Fig. 5b) . No change in the LEED pattern was observed after the FE-PE-FE cycle and no carbon contamination was observed in AES, therefore domain ordering and oxygen vacancies constitute the two principal contributions to the screening of the depolarizing field. by favouring 180° domain walls, is consistent with minimizing of the elastic energy of the system. Both before and after the cycle, the c -domain is more widespread than the c + domain (Fig. 6b) , suggesting that the system energy of the former is lower. The maximum temperature attained during the FE-PE-FE cycle is 250°C, well below the temperatures necessary to create significant oxygen vacancies. Thus, the domain ordering observed cannot be related to changes in the oxygen vacancy concentration, nor to different extrinsic screening since the surface remains clean. Rather, we have evidence that the system domain ordering has evolved to minimize further its total energy, following qualitatively the results of the DFT calculations. 
IV -Conclusion
MEM-LEEM experiments show that c-domains, i.e. with polarization pointing inwards, are more favorable, at least in BaO-terminated surfaces of barium titanate (001). Our calculations suggest that such dissymmetry between c + and c -domains may be due to oxygen vacancies at surfaces, which contribute to stabilize c -domains.
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